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Abstract 14 
On 16 November 2006 a flank collapse affected the unstable Eastern slope of the South-East Crater 15 
(SEC) of Mt. Etna. The collapse occurred during one of the paroxysmal events with sustained strombolian 16 
activity that characterized the August-December 2006 eruption and was triggered by erosion of loose, 17 
hydrothermally-altered material of the steep south-east sector of SEC from the outpour of lava. The collapse 18 
produced a debris avalanche that involved both lithic and juvenile material and resulted in a deposit 19 
emplaced on the Eastern flank of the volcano up to 1.2 km away from the source. The total volume of the 20 
deposit was estimated to be in the order of 330,000-413,000 m3. The reconstruction of the collapse event 21 
was simulated using TITAN2D, software designed to model granular avalanches and landslides. This 22 
approach can be used to estimate areas that may be affected by similar collapse events in the future. The 23 
area affected by the 16 November 2006 lateral collapse of SEC was a small portion of the Mt. Etna summit 24 
area, but the fact that no one was killed or injured should be considered fortuitous. The summit and adjacent 25 
areas of the volcano, in fact, are usually visited by many tourists who are not prepared to face this type of 26 
danger. The 16 November 2006 collapse points to the need to be prepared for similar events through 27 
scientific investigation (analysis of flank instability, numerical simulation of flows) and development of specific 28 
civil protection plans. 29 
 30 
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1. Introduction 35 
Mt. Etna, Italy, is a basaltic volcano well known for its frequent central and flank eruptions, 36 
characterized by effusive and moderate explosive activity. The latter includes lava fountains and 37 
Strombolian explosions, responsible for the growth of cinder and scoria cones in the summit area 38 
and on the volcano’s flanks. The historical record of Mt. Etna’s activity is complete up to the 17th 39 
century (Branca and Del Carlo, 2004). Most of this record, however, describe flank eruptions, since 40 
they occurred near human settlements and were amenable for better observation. Documentation 41 
on summit activity is also available, but information pertaining to the morphological evolution of the 42 
summit area in historical times is limited (McGetchin et al., 1974; Calvari et al., 1994; Behncke et 43 
al., 2006) due to the rapid burial of older deposits by younger eruptions. The volcano summit and 44 
vicinities are dominated by cone growth and vertical collapses, due to explosive and effusive 45 
eruptions and magma migration below the surface. The most significant summit vertical collapses 46 
in the last 1000 years are known to have occurred in 1169, 1444, 1537, and 1669, following 47 
periods marked by major eruptions (Chester et al., 1985). After the 1669 eruption (Corsaro et al., 48 
1996), only small-scale collapse events were described and these were mainly confined within the 49 
inner walls or at the floor of the summit craters (Guest, 1973; Murray, 1980; Bertagnini et al., 1990; 50 
Calvari et al., 1994; Calvari et al., 1995; Calvari et al., 1998; Falsaperla et al., 2002). Since the end 51 
of the 19th century, when nearly-continuous scientific monitoring of the summit area began, no 52 
flank collapses have been described in the literature. This may be ascribed either to the relative 53 
stability of the growing summit cones after the 1669 event, or to the lack of attention devoted to 54 
events such as gravitational failures, especially before the catastrophic collapse of Mount St. 55 
Helens (USA) on 18 May 1980 (Lipman and Mullineaux, 1981). The 1964 and 1999 eruptions of 56 
Mount Etna triggered failures of the outer parts of its summit crater rims. These events generated 57 
small–volume volcaniclastic deposits emplaced on the volcano flanks without changing the 58 
3/26 
structure and general stability of the summit cones (Calvari et al., 2002; Behncke et al., 2004). 59 
The first flank collapse observed on Mt. Etna occurred at the South-East Crater (SEC) on 60 
16 November 2006. Gravitational failure of the Eastern slope of this cone was triggered by eruptive 61 
activity in August-December 2006. In this paper we first describe the volcanic activity that induced 62 
gravitational failure, then provide direct observations of the event, and finally, discuss field and 63 
laboratory data related to the flank collapse deposit. This event is used to test a propagation model 64 
of granular flows. The integration of visual observations, sedimentological and laboratory analysis 65 
of the deposit and results from numerical modeling of flank collapse, allow us to investigate and 66 
reconstruct the eruptive mechanisms leading to the 16 November collapse and the emplacement 67 
of the deposit, as well as discuss the hazard implications associated with this type of event, 68 
previously unrecognized on Mt. Etna. 69 
 70 
2. The summit of Mt. Etna 71 
The summit of Mt Etna comprises several constructive and destructive volcanic structures. 72 
The oldest recognizable feature is a 2 km wide caldera named Cratere del Piano (Fig. 1A), formed 73 
during the 122 B.C. Plinian eruption (Coltelli et al., 1998). This caldera was partially filled by 74 
subsequent activity, and is now occupied by three main composite cones, the Central Crater (CC, 75 
consisting of Voragine and Bocca Nuova craters), North-East Crater (NEC), and SEC (Fig. 1). 76 
The largest cone is CC, which formed in the 17th or early 18th century following the vertical 77 
collapse of a previous summit cone during the 1669 eruption (Corsaro et al., 1996). Since the 19th 78 
century, the morphology and structure of this cone have undergone no major changes (Guest, 79 
1973). In the 20th century, CC underwent gradual filling (Behncke et al., 2004) and two craters 80 
formed on its summit, the Voragine to the Northeast and the Bocca Nuova to the Southwest. The 81 
Voragine has a diameter of about 200 m; the Bocca Nuova is now composed of two craters, each 82 
one with a diameter of ~180 m. 83 
The summit area of Mt. Etna changed profoundly in the 20th and 21st centuries, when two 84 
satellite centers developed on the flanks of CC. NEC formed in 1911 as a degassing vent at the 85 
Northeast periphery of CC, and underwent several phases of cone growth and destruction 86 
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(McGetchin et al., 1974). It is a composite cone with a basal diameter of ~700 m and elevation of 87 
~200 m, now containing the highest point of Etna at ~3315 m a.s.l. 88 
The youngest satellite centre is SEC, formed in 1971 as a collapse pit at the Southeast 89 
base of CC (Rittmann et al., 1971; Booth and Walker, 1973; Calvari et al., 1994). Following several 90 
explosive and effusive eruptions, a cone has grown around the original pit crater. Between 1978 91 
and 2001, SEC was the most active crater on the summit of Mt. Etna, and evolved into a massive 92 
composite cone reaching a basal diameter of ~650 m and elevation of ~230 m above the 93 
surrounding area (Alparone et al., 2003; Behncke et al., 2006). After the July-August 2001 eruption 94 
activity at SEC ceased, until episodic ash emissions that occurred during the 2004-05 eruption, 95 
when a collapse pit with a diameter of ~200 m opened on the Eastern flank of the cone (Burton et 96 
al., 2005; Andronico et al., 2006) (Fig. 1C). Eruptive activity at SEC resumed in July 2006 and 97 
again in August 2006 (Andronico et al., 2008a; Behncke et al., 2008). During the second eruption 98 
of 2006, SEC was affected by a series of eruptive events that preceded a main episode of flank 99 
collapse. The main collapse related to the 16 November paroxysm produced a debris avalanche 100 
that involved both lithic and juvenile material and resulted in a deposit emplaced on the Eastern 101 
flank of the volcano up to 1.2 km away from the source, as described in the following paragraphs. 102 
 103 
3. Methodology 104 
 Different methods were used to characterize and define the eruptive activity that occurred 105 
at SEC on 16 November 2006. These include direct observation of the event in the field, analysis 106 
of satellite data, reconstruction of the volcanic activity by examination of images acquired by the 107 
permanent video-camera surveillance system of the Istituto Nazionale di Geofisica e Vulcanologia-108 
Sezione di Catania, as well as of a video footage and digital photographs made available by G. 109 
Tomarchio and G. Salerno, field work, laboratory investigations on samples of the deposit of the 110 
flank collapse, generation of digital elevation models (DEMs), estimations of the collapse volume, 111 
and numerical modeling of granular flows. 112 
 113 
3.1. Satellite data 114 
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Five ASTER satellite images in conjunction with several field observations were used to 115 
determine the evolution of the 2006 Mt. Etna eruptions. ASTER is a multispectral imager on board 116 
the TERRA spacecraft (www.gds.ASTER.ersdac.or.jp). The ASTER sensor covers a wide spectral 117 
region with 14 bands from visible to thermal infrared, with high spatial, spectral, and radiometric 118 
resolution. An additional backward-looking near infrared band provides stereo coverage (Pieri and 119 
Abrams, 2004). The image data used were acquired on 12 August 2006, 7 November 2006, 30 120 
November 2006, 19 January 2007, and 14 July 2007. The images were orthorectified with Silcast 121 
(www.silc.co.jp/en/). Layer stacking and re-sampling of all bands at 15 meters spatial resolution 122 
permitted direct band combination at full Visible-Near Infrared (VNIR) resolution. The use of 123 
images acquired on November and January was limited due to partial snow cover. In addition, 124 
Short Wave Infrared (SWIR) and Thermal Infrared (TIR) data were unavailable for the 30 125 
November 2006 scene. Analysis of the images was performed with ENVI software 126 
(http://rsinc.com/envi/), and for the purpose of the present work it was limited to mapping of 127 
volcanic deposits. Identification of recent volcanic products was based on RGB color composite, 128 
band ratios, and decorrelation stretch. Decorrelation stretch is an application of principal 129 
component transformation where three bands are transformed, stretched, and then transformed 130 
back to the approximate original RGB coordinate system for display as color composite image 131 
(Rencz, 1999). Band ratios images were created dividing pixel by pixel one spectral image channel 132 
by another at different wavelengths. Band ratios images were also obtained amongst data 133 
acquired at different times and at a given wavelength to depict differences in scenes due to the 134 
emplacement of new volcanic products.  135 
 136 
3.2. Field surveys, sample collection and analyses  137 
Within three days to one week from the 16 November 2006 event, three field campaigns 138 
and one helicopter survey of the area affected by the flank collapse were conducted. Mapping of 139 
the deposit generated by the collapse was done with a hand-held GPS receiver and 140 
orthorectification of nearly-vertical aerial photos taken from a helicopter. Direct linear 141 
transformation of the photographs was performed using the Ilwis GIS software (Lillesand and 142 
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Kiefer, 1999). Field work was conducted to characterize the flank collapse deposit. Nine samples 143 
(Table 1) were collected from six different sites in both the fine-grained and coarse-grained facies 144 
of the deposit. At the first three sites we collected samples A37, A38, A40 (Table 1) from the fine-145 
grained facies. At the fourth site (A41), we collected sample A41a from the fine-grained facies and 146 
a spatter fragment (A41b) embedded in the coarse-grained facies. At the fifth site (A45), we 147 
collected a matrix sample (A45a), a black spatter (A45b) and a reddish scoria (A45c) from the 148 
coarse-grained facies. Finally, at site A46 we sampled the matrix of the coarse-grained facies. 149 
One-Φ interval grain-size analyses were done by dry-sieving in a range between 0.032-8 150 
mm on six of the collected sample suites (A37, A38, A40, A41a, A46 Table 1). Componentry was 151 
performed on selected samples (A37, A41a, A46) in the grain-size class 1-2 Φ. A fast qualitative 152 
inspection of crystal, vesicle and groundmass textures was performed with an optical microscope 153 
on two fresh samples (A41b, A45b) belonging to the deposit. Point counting up to 2500 points was 154 
counted on thin sections to measure vesicle and crystal content. Vesicularity (area fraction of 155 
vesicles) and bulk crystallinity (area fraction of phenocrysts) were also measured on up to six 156 
binary images per sample previously acquired with a scanning electron microscope (SEM) in 157 
backscattered mode at different magnifications. These values agree with those obtained by point-158 
counting. Additional backscattered images were taken at 2000X magnification to identify 159 
groundmass crystals (<0.1 mm) and measure groundmass crystallinity. Details of the overall 160 
analysis procedure can be found in Polacci et al. (2006). 161 
 162 
3.3. DEMs generation and volume estimations 163 
Numerical modeling of volcaniclastic flows requires accurate DEMs that reproduce the 164 
topographic surface over which gravity driven currents move. Elevation data were derived from a 165 
1:10.000 topographic map produced by the Provincia Regionale di Catania in 1999 (Fig. 2A), a 166 
topographic map of the SEC (Behncke et al., 2006) showing cone topography in 2004 (Fig. 2B), 167 
ASTER satellite stereo imagery (Fig. 2C), oblique aerial photographs taken from a helicopter, and 168 
field observations obtained after 16 November 2006 with a hand-held GPS receiver and laser 169 
rangefinding binoculars. Two DEMs were generated with Ilwis GIS through linear interpolation at a 170 
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20 m horizontal resolution. The first reproduces the topography before 2006, while the second 171 
depicts the morphological change of SEC after its 2006 flank collapse. The base for both DEMs 172 
was the 1999 1:10.000 topographic map with contour interval of 10 m, which reasonably 173 
reproduces the present topography outside the SEC area except for the new scoria cones 174 
generated by the 2001 and 2002-03 eruptions (INGV-Staff, 2001; Andronico et al., 2005; 2008b). 175 
For the first DEM (before the 2006 eruption) the height of these cones and their general 176 
morphology were derived from ASTER imagery stereo coverage and field measurements, and 177 
directly added to the 1999 topography (Fig. 2D). In addition, the 1999 topography of the SEC was 178 
modified according to the map of Behncke et al. (2006), which approximates the SEC morphology 179 
before 2006 except for a pit crater formed during the 2004-05 eruption (Behncke et al., 2006) (Fig. 180 
2E). For the second DEM (after the 2006 SEC collapse), we delineated the 16 November 2006 181 
collapse scar using data acquired in the field and oblique aerial photographs. Several points inside 182 
and outside the collapse scar were measured with a GPS receiver and laser rangefinding 183 
binoculars and used to correct the topography. The resulting DEM was utilized in the numerical 184 
simulations (Fig. 2F). 185 
Volume estimations of the failure scar and the resulting deposit were obtained by 186 
comparing DEMs in the GIS and field measurements of the deposit thickness (Section 5.2). 187 
 188 
3.4. Numerical simulations of dry granular flows 189 
Different models have been proposed to explain the high mobility of granular flows and how 190 
the energy dissipates during flow. The relationship between drop height and maximum runout, 191 
expressed as the H/L factor, describes their mobility, which generally increases with greater mass 192 
(Hsu, 1975; Dade and Huppert, 1998). The numerical code we used to simulate the SEC failure is 193 
Titan2D, a modeling algorithm developed for simulating granular avalanches and landslides on 194 
DEMs. Titan2D assumes continuum deformable volume parcels that are driven downslope by 195 
gravity and has proved to be particularly suitable for simulating flows on real topography, with 196 
excellent reproducibility of the results (Patra et al., 2005). The parameters needed to produce a 197 
simulation are volume of the collapsed mass, basal friction angle, internal friction angle, and initial 198 
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velocity (Table 2). Values used for the basal friction angle were determined on the basis of the H/L 199 
factor of the 16 November 2006 flow, and compared with values used for similar flows in previous 200 
works (i.e. Rupp et al., 2006; Capra et al., 2008). The internal friction angle plays a minor role in 201 
such a small granular flow (Hutter et al., 1995) and was set according to the experimental results 202 
by Rupp et al. (2006). The initial velocity was set to 0 m/s for debris avalanche-like granular flows. 203 
The output of the simulations consists of time series of raster files showing flow thickness and 204 
speed during flowage. 205 
 206 
4. The 2006 Mt. Etna eruptions 207 
 In 2006 two eruptions occurred on Mt. Etna (Neri et al., 2006; Calvari and Behncke, 2006, 208 
2007; Calvari et al., 2006; Andronico et al., 2007; 2008a, c; Behncke et al., 2008). The first began 209 
the night of the 14 and 15 July 2006 and ended on 24 July. Vigorous Strombolian activity from a 210 
vent on the East-Southeast flank of SEC at ~3150 m rapidly created a very asymmetric cone while 211 
on the lower portion of the same flank (at ~3020 m), two effusive vents fed lava flows descending 212 
the Western wall of Valle del Bove. At the end of this eruption, the lava flow field was ~3.8 km long 213 
with a maximum thickness of ~20 m (Fig. 3A), and the new scoria cone on the Eastern flank of 214 
SEC was ~30 meters high with a basal diameter of ~200 m. 215 
The following period of quiescence was interrupted on 31 August 2006, when Strombolian activity 216 
resumed at SEC and the second eruption of 2006 began (Andronico et al., 2008a, c; Behncke et 217 
al., 2008). On 5 September lava flows started to descend the SEC flank. On 13 October an 218 
effusive vent opened Southeast of SEC at 2800 m and generated a small hornito feeding at a 219 
variable effusion rate a lava flow field that extended towards Valle del Bove (Figs. 3B, 3C). 220 
Explosive activity accompanied by copious ash emission started on the Eastern flank of SEC at 221 
~3150 m on 24 October (Calvari and Behncke 2006, 2007; Calvari et al. 2006; Behncke et al., 222 
2008). Although the intensity of this activity was strongly fluctuating, eighteen paroxysmal episodes 223 
were generated from SEC until the end of the eruption in December (Andronico et al., 2008a, c). 224 
The eruptive scenario changed on 27 October, when an effusive vent opened at ~3050 m on the 225 
Southern flank of CC, immediately South of the Bocca Nuova crater. On 8 November a new vent 226 
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opened at the intersection between Bocca Nuova and SEC at ~3180 m. Both these vents 227 
produced a lava flow field extending Southwest and ended their activity on 27 November (Fig. 3B). 228 
The eruption continued at SEC with pulsing emission of ash, scoria, spatter and lava, and at the 229 
effusive vent located East-Southeast of SEC at 2800 m. Following an increase in explosive and 230 
effusive activity with powerful Strombolian explosions and vigorous lava flows discharged from the 231 
SEC summit, on 16 November a series of rockfalls culminated with gravitational failure of the East-232 
Southeast cone flank and simultaneous emission of a large cloud of white vapor and ash (section 233 
5). On 30 November a new vent opened at the Eastern base of SEC at ~3050 m with vigorous 234 
spattering and effusion of lava flows. Activity at all vents ended on 15 December. Overall, the 235 
eruption emplaced two lava flow fields, one on the West wall and floor of Valle del Bove for a 236 
length of 5.6 km, while the other extends Southwest for a length of 3.3 km (Figs. 3D, 3E). Both flow 237 
fields have a maximum thickness of ~10-20 m. 238 
Moderate to very strong explosive activity resumed at SEC in 2007 and culminated in six 239 
paroxysmal episodes that between March and November rebuilt the previously collapsed flank of 240 
SEC. 241 
 242 
5. The 16 November 2006 event 243 
5.1. Chronology of the activity 244 
In the early morning of 16 November 2006 an increase in volcanic tremor preceded an 245 
intense phase of Strombolian activity and voluminous lava effusion from the SEC summit. Lava 246 
flowed into a small depression in the upper Southeast flank of SEC and then outside the crater rim 247 
along the cone. The high lava effusion rate caused rapid erosion and consequent enlargement and 248 
downslope propagation of the depression (Fig. 4A), accompanied by frequent rockfalls within the 249 
depression itself and landslides that occasionally emplaced small landslide deposits on the cone 250 
flank and its surroundings. The continuous erosion, together with the pressure exerted by lava, 251 
induced the block of material in front of the enlarging depression to slowly move outward, 252 
increasing its inherent instability. At ~13.45 GMT a larger landslide caused a significant downslope 253 
enlargement of the depression. The deposit generated by this first collapse was not clearly 254 
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recognized in the field since it was rapidly buried by material produced by later activity, but it 255 
probably reached the base of SEC only. After this landslide, a significant portion of the unstable 256 
SEC flank remained in place at the bottom of the depression. Explosive releases of brown ash, gas 257 
and white vapor mixtures were observed near the cone base (Fig. 4B) where an eruptive fissure 258 
was opening. These releases rapidly increased in intensity and frequency until ~14.24 GMT, when 259 
the main episode of gravitational failure of SEC began (Fig. 5). This episode started with localized 260 
emissions of black ash and white steam ~100-200 m East of the SEC base. After a few seconds, 261 
the collapsing block at the bottom of SEC fragmented, producing a large amount of brown ash (Fig. 262 
5A). Gravity-driven fragmented material traveled downslope East-Southeastward producing a 263 
granular flow whose emplacement was obscured by a fast moving cloud produced by a mixture of 264 
elutriated brown ash and white vapor (Fig. 5B). At ~14.55 GMT explosions of vapor and brown 265 
lithic ash were observed from several distinct emission points between SEC and the effusive vent 266 
located at 2800 m a.s.l. Several landslides and white vapor emissions of gradually smaller 267 
magnitude occurred subsequently, whilst eruptive activity at the summit of SEC progressively 268 
decreased. 269 
 270 
5.2. Morphological changes and flank collapse deposit 271 
The 16 November 2006 event left a wide scar on the SEC Southeast flank (Figs. 1C, 2F, 272 
4C). The upper part of the scar resulted from both lava flow erosion and as a consequence of small 273 
discrete landslides, whereas the lower part was generated by massive removal of material (flank 274 
collapse) that principally occurred at ~14.24 GMT on that day (see previous section) (Fig. 4D). 275 
DEMs allow us to provide volume estimates for both the whole scar and the flank collapse scar, 276 
around ~460,000 m3 and ~350,000 m3, respectively. The SEC flank failure emplaced a deposit on 277 
the Eastern side of Mt. Etna that extends from the cone base to the upper portion of the Valle del 278 
Bove Western wall (Fig. 6). Field surveys revealed that the deposit was composed of two facies: i) 279 
a coarse-grained facies, which makes up the main granular flow body and ii) a fine-grained facies, 280 
composed by ash elutriated from the granular flow during flank collapse and flowage. The 281 
emplacement of the former was gravity driven and followed topography, while the latter was mainly 282 
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controlled by wind. Mapping of both facies was difficult due to the fact that the ongoing lava flows 283 
had covered part of the deposit at the time of field and aerial surveys. Despite the difficulties 284 
encountered, we were able to estimate a coverage area of ~165,000 m2 for the coarse-grained 285 
facies, and a minimum area of ~235,000 m2 for the fine-grained facies (Fig. 6). The traveling 286 
distance of the coarse-grained facies was ~1.2 km and the maximum drop height was estimated to 287 
be ~410 m (Fig. 6). The resulting H/L (drop height/maximum runout) factor is ~0.34. 288 
 The coarse-grained facies had a maximum thickness of ~4-5 m and an estimated mean 289 
thickness of 2-2.5 m, its volume resulting between ~330,000 and 413,000 m3. The volume of this 290 
deposit is consistent with the flank collapse scar volume, plus a possible increase due to 291 
fragmentation of the flow material. Overlapping tongues representing at least two distinct flow units 292 
were recognized in the field, where the deposit appeared massive, heterolithologic, poorly sorted, 293 
unconsolidated, and mainly clast supported (Fig. 7A). At some outcrops it was found to be roughly 294 
inversely graded, with larger clasts concentrated at the top. The grey-ochre fine sandy matrix 295 
varied from abundant to completely absent amongst clasts, and was mostly formed by angular 296 
weathered lithic fragments, crystals and few shards of fresh glass. Two types of clasts were 297 
embedded in the deposit, both being angular and up to 1-2 m in size (Fig. 7B). The most abundant 298 
clasts were reddish-brown or grey fragments of scoria, spatter, and massive lava. The least 299 
abundant type, representing ~25% of the whole clasts content, was made of moderately vesicular 300 
black spatters with complex morphology. Due to the high amount of lithic material and conversely 301 
low percentage of fresh, juvenile material in the deposit, we believe that the coarse-grained facies 302 
clasts and matrix were mainly cold at the time of flow and emplacement. A further support to this 303 
hypothesis comes from the general low temperature of the granular flow, testified by a well-304 
preserved plastic-coated wood signal found in the deposit, in which both plastic and wood showed 305 
no evidence of heating (Fig. 7C). However, small parts of the deposit released an appreciable 306 
amount of white vapor at the time of the surveys and were slightly hot (Fig. 7C). 307 
 The fine-grained facies had a flat morphology and thickness varying from < 1 mm to ~30 308 
cm. Because of its wide and not well defined depositional area we could only provide an order of 309 
magnitude estimate of the volume of this facies, which, assuming a mean thickness of 10-15 cm, is 310 
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between 23,500 and 35,000 m3. The deposit appeared massive, not graded, heterolithologic, and 311 
made of coarse ash consisting of reddish, sub-rounded, lithic fragments, crystals, and minor 312 
amount of glass, identical to the matrix of the coarse-grained facies (Fig. 7D). Some angular lithic 313 
clasts up to 3 cm in size were found in this facies. Close to the coarse-grained facies, larger clasts 314 
similar to those found in the main granular flow body were found on the surface of the deposit. 315 
 316 
6. Results of grain-size and textural analyses 317 
The four sample suites from the fine-grained facies are 36-38% composed of ash with 318 
grain-sizes < 0.250 mm (A37, A38, A40 and A41a, Fig. 8). They are poorly sorted close to the axis 319 
of the fallout deposit, becoming better selected in the lateral, more distal portions (samples A41a to 320 
A37, Figs. 6, 8). Samples A37 and A41a are comprised of 70-90% lithics and relatively minor 321 
amounts of juveniles (sideromelane and tachylite). The lithic component is represented by reddish 322 
ash consisting of red, black and weathered scoria particles. Weathered glass fragments make up 323 
between 2 and 22%, while crystals are only a minor percentage (<1%). The sideromelane content 324 
is low (2-4%) in sample A41a, increasing (10%) in the Easternmost sample (A37) of the deposit. 325 
Sideromelane is mainly formed by fluidal clasts with smooth surfaces, and minor amounts of 326 
shards. In both sample A37 and A41a tachylite (10-22%) is blocky with shiny, black surfaces. 327 
Grain-size distributions of the matrix of the coarse-grained facies are similar for the two 328 
investigated samples (A45a and A46) and display flat Gaussian patterns (Fig. 8). Only a fraction 329 
(<30%) of these samples is finer than 0.250 mm. Sample A46 has fewer lithics in comparison to 330 
the fine-grained facies samples, and has a higher percentage of juveniles (41-49%), about two 331 
thirds of which are represented by tachylite. Lithics of sample A46 consist of red, black and 332 
weathered scoria particles (39-44%). Weathered glass fragments are between 6 and 18%, while 333 
crystals are only a minor percentage (1-2%). The morphological features of these components are 334 
similar to those found in the fine-grained facies. 335 
Textural observations reveal that the spatter samples (A41b and A45b) are porphyritic 336 
rocks with vesicle-free phenocryst content ranging from 0.43 to 0.46. Phenocrysts are usually 337 
euhedral and identifies as plagioclase (≤3 mm), pyroxene (≤5 mm), olivine (≤4 mm) and oxides (≤4 338 
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mm), listed in order of decreasing abundance. 339 
Crystal-free vesicularity ranges from 0.24 to 0.35 in the two specimens, with a population of 340 
spherical to sub-spherical, mostly isolated vesicles, between <0.1 and 3 mm (Fig. 9). Larger 341 
vesicles (0.5-10 mm) with complex, irregular shapes are also present in one of the two samples 342 
(Fig. 9). The groundmass is highly crystallized (crystallinity of 0.30) and displays the same mineral 343 
phases as with the phenocrysts (Fig. 9). 344 
 345 
7. Results of flank collapse numerical simulations 346 
 Numerical simulations of flank collapses were performed in two phases and reproduce the 347 
flow and emplacement of the coarse-grained facies. First we calibrated the simulation input 348 
parameters with Titan2D considering the 16 November 2006 granular flow deposit (Fig. 10 and 349 
Table 2). Then we depicted the most unstable areas of Mt. Etna summit through a slope map (Fig. 350 
11A) and used Titan2D to simulate lateral collapses and delineate the areas that could most likely 351 
be affected in case of a flank collapse event (Figs. 11B, 12). 352 
 The main inputs for the simulations of the 16 November granular flow were the DEM of 353 
SEC (Fig. 2F), the volume of the flow material, and the basal friction angle derived from the H/L 354 
factor of the coarse-grained facies (Table 2, Set1). The minimum thickness of the granular flow 355 
was set to 0.5 m in accordance with field observations. As the simulation was running, raster files 356 
showing the flow thickness at 5 second intervals were combined to provide the maximum flow 357 
thickness distribution over a topographic surface (Fig 10). The result of the simulation closely 358 
resembles the outline of the mapped coarse-grained facies (Fig. 6B). The flow thickness 359 
distribution in the middle-distal areas of the simulated flow is consistent with thickness of the 360 
coarse-grained facies as observed in the field. The maximum flow velocity obtained is 19 m/s, a 361 
value in overall agreement with direct observations and video footage of the 16 November 2006 362 
event. The similarity between the simulation output and field observations validates the simulation 363 
code and input data, and provides a reliable basis for hazard assessment of the area. 364 
The slope map outlines portions of Mt. Etna’s summit with medium to high gradient 365 
identified as prone to flank failure (Fig. 11A). The inherent instability of these areas is a product of 366 
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fast growing summit cones made of unconsolidated pyroclastic deposits and lava flows. Such 367 
steep slopes are easily destabilized by eruptive activity as was the case for the 16 November 2006 368 
collapse. Additionally, in 2006 incipient gravitational failure was highlighted for the CC South flank 369 
owing to the formation of several gravity driven curved fractures (Fig. 11A). Three simulation sets 370 
were run to reproduce gravitational failures from the most unstable areas of the summit craters 371 
(Table 2). Flows from SEC were run from its Eastern flank and not from the collapse scar formed 372 
on 16 November 2006, because fractures on the cone flanks suggest this is the most unstable 373 
area of the cone (Fig. 1C). 374 
i) The first simulation used the same input data as that used for the calibration and validation of the 375 
algorithm (Table 2, Set 1). The resulting output shows the area that could be affected by granular 376 
flows in the case of small volume flank collapses. The area extends 1-2 km from the sources of the 377 
flows and comprises several paths used by tourists and mountain guides (Fig. 11B). 378 
ii) The second simulation set used the same input data of the previous one, but with ~twice the 379 
volume (Table 2, Set 2), to represent a scenario of larger gravitational failures of the summit cones. 380 
For the Northward, Southward and Westward flows the inundation area does not greatly differ from 381 
that deriving from the first simulation set. However, the run-out distance for the Eastward flows 382 
increases up to 3.5 km (Fig. 12A). The partial agreement between the two simulation sets results 383 
implies that for such low-volume granular flows in low-dipping areas the run-out distance does not 384 
depend strictly on the mass volume, but heavily relies on the H/L factor (Capra et al., 2008). 385 
iii) The third set simulates granular flows with slightly higher mobility in the form of a lower H/L 386 
factor (Table 2, Set 3). We run this set of simulations to depict the effects of a minor change in 387 
rheology of the collapsing mass, which is unlikely to be constant with time or location, due to the 388 
heterogeneity of the summit craters in terms of lithology and alteration. The output of this set 389 
shows an inundation area that extends 4.5-5 km from the sources of the granular flows (Fig. 12B). 390 
The first and second simulation sets demonstrate the effect of the topographic plain 391 
produced by the Cratere del Piano caldera (Fig. 1A) on the run-out distance of small volume 392 
granular flows (Fig. 12A). In any direction, whether from the South, West or North, the granular 393 
flows cannot overcome the caldera edge. Southwards, the flat morphology prevents small volume 394 
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granular flows from reaching the Torre del Filosofo tourist area (Figs. 11, 12A). On the contrary, 395 
the simulated granular flows with a lower H/L factor demonstrate the effect of the flow mobility on 396 
the run-out distance. Diminishing the H/L factor from 0.34 to 0.29, corresponding to a variation of 397 
basal friction angle from 19° to 16°, increases the distance traveled (Fig. 12B). 398 
 399 
8. Discussion 400 
8.1 Origin and emplacement of the granular flow 401 
On 16 November 2006 the gravitational instability of the over-steepened East-Southeast 402 
flank of SEC evolved into an episode of lateral collapse that generated a gravity-driven granular 403 
flow. This episode occurred while Strombolian activity was ongoing at the summit of SEC. Such 404 
volcanic activity often typifies explosive volcanism at this volcano, and it has not been observed to 405 
have previously catalyzed a flank collapse of such magnitude. Whilst explosive activity of 16 406 
November was not exceptional in terms of explosion and ash column heights and volume of 407 
erupted tephra (Andronico et al., 2008c), it is worth noting that the tremor amplitude recorded 408 
during that activity was the highest observed during the August-December 2006 eruption. These 409 
simple observations therefore raise the question of why this peculiar event occurred during an 410 
otherwise standard eruptive activity for Mt. Etna. Observations and data gathered on the 16 411 
November 2006 collapse event in light of the overall eruptive activity of that day, as well as of the 412 
evolution of the Mt. Etna summit in the last centuries provides some answers (Section 2). 413 
The fast growth of SEC in the last decade (Behncke et al., 2006) is of particular 414 
significance. The rapid growth resulted in a very steep cone that reached a critical state of stability 415 
before the 16 November 2006 failure. We suggest that this morphology was a key factor in driving 416 
the unusual flank collapse of this cone. The gravitational failure occurred on the Eastern flank of 417 
SEC, a bulging sector of the cone limited by pervasive fractures on both the Southern and North-418 
Eastern sides (Fig. 1C). The heightened tremor and volcanic activity of 16 November 2006 419 
potentially acted as trigger factors partially releasing the gravitational energy accumulated by the 420 
SEC flank during the last years. Lava flowing from the summit zone on 16 November eroded into 421 
the loose, hydrothermally altered material that makes up the cone, rapidly destabilizing the 422 
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structure and producing a deep depression on the upper East-Southeast flank, exposing red-brown 423 
weathered rocks, the same material that makes up most of the deposit generated by the lateral 424 
collapse. During this lava-erosion process white steam was observed emanating impulsively from 425 
distinct points, as ground water rapidly pressurized in the cooler, wet rocks surrounding the lava 426 
flow (Fig. 4A). As the erosive process continued during the morning of 16 November the cone 427 
material slowly slumped down towards the southeast, in a process accompanied by frequent 428 
steam-charged brown ash emissions (Fig. 4B). It is clear that the interplay of gravitational instability 429 
and erosion of the edifice by the lava flow triggered the main flank collapse observed at ~14:24 430 
GMT. High-pressure localized emissions of black ash and white steam ~100-200 m East of the 431 
SEC base at the moment of collapse indicate violent interaction between ground-water and hot 432 
material at the moment of flank collapse. Erosion and destabilization of the cone by lava effusion 433 
combined with the Strombolian activity played a key role in producing the gravitational collapse of 434 
16 November. In the future, the observation of such lava flow driven erosion could be a useful 435 
precursory indicator for an increased probability of flank instability on Etna and other volcanoes. 436 
The resulting deposit exhibits features of typical small volume debris avalanche deposits in 437 
volcanic environments (Ui et al., 2000). The granular flow was cold and only small volumes of this 438 
facies of the deposit were relatively hot at the time of the field surveys (Fig. 7C). The occurrence of 439 
such hot portions directly reflects the nature of the SEC source material, which was produced by 440 
an active volcanic cone with percolation of hot hydrothermal fluids. The proportion of brown-441 
reddish scoria observed in the main granular flow body confirms the high lithic content of the 442 
avalanche deposit (Fig. 7 and Section 6). The componentry of both the fine-grained and coarse-443 
grained facies is consistent with the nature of the heterogeneous, weathered flank of SEC in 444 
addition to a minor amount of juvenile material (Fig. 8 and Section 6). Componentry cannot be 445 
taken unambiguously as a proof for the partial pyroclastic nature of the 16 November 2006 deposit, 446 
as also discussed in Behncke et al. (2008). However, the occurrence of juvenile material can be 447 
readily explained with the partial involvement in the gravitational failure of products erupted by the 448 
Strombolian activity that was ongoing at the time of the flank collapse. This idea is further 449 
supported by results of our textural characterization of the two spatter samples (Fig. 9), whose 450 
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crystal and vesicle content is similar to that of products from low to moderate energy explosive 451 
activity at SEC (Polacci et al., 2006). 452 
The integration of data collected during field and helicopter surveys, observations of the 16 453 
November 2006 event through photographs and movies, and laboratory analysis of the collected 454 
samples suggests that the studied granular flow deposit was the result of a debris avalanche that 455 
remobilized volcaniclastic material on the unstable flank of SEC. A minor magmatic role in the 456 
fragmentation and flowage of the collapsed material cannot be excluded since a small amount of 457 
juveniles was found in the deposit. However this seems to be very limited and incapable of 458 
significantly affecting the mobility of the granular flow. The major factors in producing the observed 459 
flank collapse on 16 November are therefore i) gravitational instability; ii) rapid erosion of loose 460 
material by lava flows and interaction between hot lavas and ground-water. The result of the 461 
interplay between these factors was gravitational collapse, leading to a debris avalanche. We 462 
therefore disagree with the conclusion of Behncke et al. (2008) that “volcanic density currents 463 
similar to pyroclastic flows can be generated away from erupting vents during mildly explosive 464 
basaltic eruptions by interaction of hot lava with moist, hydrothermally altered rock”, rather we 465 
emphasize that gravitational flank collapse is sufficient to produce the debris avalanche and 466 
resulting deposit observed on 16 November 2006. 467 
 468 
8.2 Implications for hazard assessment 469 
The 16 November 2006 flank collapse and associated granular flow did not generate any 470 
casualties, but the fact that no one was killed or injured should be considered fortuitous. This is 471 
because the summit and adjacent areas of Mt. Etna are usually visited by a great number of 472 
people, especially tourists, completely unprepared to face this type of event that has not previously 473 
been described in the historical record. The lateral collapse of SEC partly reduced the potential 474 
gravitational energy of the cone, but subsequent eruptive activity rebuilt its unstable flank which 475 
may collapse again in the future. Other constructional features on the summit region of the volcano 476 
share some similarities with the SEC scenario, with unconsolidated volcaniclastic deposits and 477 
fractured lava flows emplaced on steep cone flanks (Figs. 1, 11A). This setting was acquired by the 478 
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summit cones in the last century and represents a potential source for granular flows in the future; 479 
in this context, SEC is the most likely candidate for failures in the future. Even in the absence of 480 
summit volcanic activity, flank collapses and debris avalanches may still occur at Mt. Etna, posing 481 
a hazard to visitors, who may be unaware of this risk (Ui et al., 2000). 482 
Our results from numerical simulations of volcaniclastic flows depict the area that could be 483 
invaded by debris avalanche deposits and how this area varies with respect to both the volume of 484 
the collapsing mass and the flow mobility (Figs. 11 and 12). The simulations allowed us to highlight 485 
an unrecognized key morphological feature that controls the run-out distance, i.e. the Cratere del 486 
Piano caldera. This flat volcanic area prevents small volume, low mobility volcaniclastic flows from 487 
traveling far from the source area, particularly Southward, where the main tourist resources are 488 
concentrated. The simulated granular flows do not reach the Torre del Filosofo visitor centre but 489 
stop about 50-300 m before, close to an area usually visited by hundreds of people every day 490 
during the spring-summer season (Figs. 11B, 12). In addition, we cannot exclude the generations 491 
of larger, higher mobility granular flows capable of crossing the boundary of the Cratere del Piano 492 
caldera and reaching the Torre del Filosofo tourist area located a few km away from the volcano 493 
summit (Fig. 12B). Finally, the elutriated fine material easily carried by the wind, i.e. the fine-494 
grained facies of the 16 November 2006 deposit, could cause hazards like respiratory and eye 495 
irritation problems to visitors in the Torre del Filosofo area. 496 
 497 
9. Conclusions 498 
After a long period of documented relative stability, on 16 November 2006 the summit of Mt. 499 
Etna produced a debris avalanche in response to the gravitational flank failure of SEC. This event 500 
changed the perception of volcanic hazard in the summit region of the volcano, and more attention 501 
should be devoted in the future to the hazard posed by flank failures of composite cones on the Mt. 502 
Etna summit. Our numerical simulations provide the first quantitative basis for identification of the 503 
areas that can be potentially invaded by flank-collapse driven debris avalanches. However, more 504 
detailed studies are necessary to achieve an accurate knowledge of this specific type of volcanic 505 
events and of the related hazard assessment and management. The reliability of numerical 506 
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simulations would be improved through the use of high-accuracy up-to-date DEMs of the volcano, 507 
as those produced by Lidar and high-resolution photogrammetry. Also, mapping and monitoring of 508 
the unstable areas on the Mt. Etna summit may provide useful information on the exact location of 509 
the potential source areas of granular flows and the volume of future flank collapses. 510 
 511 
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Figure captions 644 
Figure 1 – (A) Location of Mt. Etna summit area. (B) Topography of the summit cones of the 645 
volcano. (C) Satellite image of SEC: pervasive fractures on the cone flanks and the scar formed on 646 
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16 November 2006 are shown. 647 
 648 
Figure 2 – Sources of elevation data and generation of DEMs. (A) 1:10,000 topographic map of the 649 
Provincia Regionale di Catania – 1999. (B) Topographic map of SEC published by Behncke et al. 650 
(2006) showing cone topography in 2004. (C) RGB color composite (Bands 1, 2, 3) of the ASTER 651 
satellite image taken on 7 November 2006. (D) Morphology of the 2001 and 2002-2003 cones (in 652 
red) added to the 1999 topographic map. (E) Hillshade model of the modified DEM depicting recent 653 
morphology of SEC and the 2001 and 2002-2003 scoria cones. (F) Hillshade of the DEM with the 654 
scar formed on 16 November 2006 added to the modified topography. 655 
 656 
Figure 3 – Volcanic activity in 2006 at Mt. Etna observed by ASTER imager. (A) Decorrelation 657 
stretch of the bands 1, 2, 7 applied to the image of 12 August 2006. White arrows indicate the lava 658 
flow field emplaced during the first eruption of 2006. (B) RGB color composite (bands 1, 2, 10) of 659 
the 7 November 2006 scene. White arrows indicate the active hot lava flows depicted in red (TIR 660 
band). (C) RGB color composite (bands 1, 2, 10) of the 19 January 2007 scene. White arrows 661 
indicate the front of lava flows on the Eastern flank of the volcano (depicted in red, TIR band). (D) 662 
Decorrelation stretch of bands 2, 3, 6 applied to the image of 14 July 2007. The white dotted line 663 
depicts the volcanic products emplaced on the Eastern flank of Mt. Etna in 2006. Inset displays 664 
band ratios of band 3 between the scenes acquired on 14 July 2007 and 12 August 2006; white 665 
arrows indicate the front of the lava flow field generated during the August-December 2006 666 
eruption. (E) Map of the lava flow fields of the eruptions occurred on the volcano in 2006 on an 667 
ASTER image of the 14 July 2007 (RGB color composite, bands 1, 2, 3). 668 
 669 
Figure 4 – Generation of the flank collapse of SEC and consequent morphological changes. (A) 670 
The enlarging depression on the flank of SEC pictured from Torre del Filosofo before the flank 671 
collapse, displaying white vapor impulsively emanating from the depression. (B) Nearly-explosive 672 
releases of brown ash, gas and white vapor mixtures from the unstable block near the cone base 673 
(courtesy of Giovanni Tomarchio). (C) The wide scar left by the activity of 16 November 2006 on 674 
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the SEC Southeast flank. (D) Oblique aerial view looking North of the scar (white dotted lines, 675 
Section 5.2). Black arrows indicate the fine-grained facies from the elutriated cloud, while white 676 
arrows indicate the coarse-grained facies from the granular flow. 677 
 678 
Figure 5 – The SEC flank collapse observed from Torre del Filosofo tourist area (for location see 679 
Fig. 4C). (A) The main landslide pictured a few instants after failure. Note that the collapsing mass 680 
is hidden by elutriated brown ash. Local emissions of black ash and white steam on the right of the 681 
picture. (B) East-Southeast downslope flowage of the granular flow obscured at sight by a fast 682 
moving cloud given by a mixture of brown ash and white vapor. 683 
 684 
Figure 6 – Map of the flank collapse deposit. (A) Orthorectified aerial view from helicopter of the 685 
median-distal portion of the collapse deposit. Boundaries of the fine-grained facies and coarse-686 
grained facies are outlined. (B) Map of the deposit and sampling location on a hillshade of the 687 
DEM, where the location of Fig. 7C is also shown. Contour lines in light blue are every 10 m. 688 
 689 
Figure 7 – The deposit originated from the 16 November 2006 event. (A) Overlapping tongues 690 
representing at least two flow units of the coarse-grained facies. (B) Surface of the coarse-grained 691 
facies with big reddish-brown or grey lithic clasts and black spatter. Note hammer on the lower left 692 
side for scale. (C) Plastic-coated wood signal embedded in the coarse-grained facies, note that 693 
plastic and wood showed no evidence of heating. Inset displays vapor emission from a hotter part 694 
of the deposit. (D) Stratigraphic section of the fine-grained facies. The black ash deposit at the 695 
bottom represents the paleo-topography before the 16 November 2006 SEC flank collapse. 696 
 697 
Figure 8 – Grain-size analyses and componentry of selected samples from the 16 November 2006 698 
collapse deposit. See text for further explanations. 699 
 700 
Figure 9 – Backscattered scanning electron images of two spatter samples embedded in the 701 
coarse-grained facies of the 16 November 2006 flank collapse deposit. Black features are vesicles, 702 
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dark grey, light grey and white objects are crystals. Images on the right display groundmass 703 
textures. 704 
 705 
Figure 10 – Numerical simulation of the 16 November 2006 granular flow (Table 2, Set 1). The 706 
color scale represents the maximum thickness of the flows during flowage (hotter colors = thicker, 707 
cooler colors = thinner). Note that the result strictly resembles the coarse-grained facies as 708 
mapped in the field (Fig. 6B). 709 
 710 
Figure 11 – (A) Slop map of the summit region of Mt. Etna. The map depicts the steepest flanks of 711 
the summit craters. Inset displays the South flank of Mt. Etna Central Crater. Yellow arrows 712 
indicate gravity-driven curved fractures. See text for further explanations. (B) First set of 713 
simulations of granular flows from the most unstable areas of the summit craters (Table 2, Set 1). 714 
Color bar scale as in Fig. 10. 715 
 716 
Figure 12 – Numerical simulations of granular flows from the most unstable areas of the summit 717 
craters. Color bar scale as in Fig. 10. (A) Second set of simulations (Table 2, Set 2). Note that the 718 
simulated granular flows stop at the Cratere del Piano caldera edge. (B) Third set of simulations 719 
(Table 2, Set 3). Note that higher mobility granular flows cross the caldera edge and stop only 50 720 
m away from the Torre del Filosofo tourist area. 721 
 722 
Table 1 – Location and description of the samples collected in the field. 723 
 724 
Table 2 – Inputs of the numerical simulations, H/L: relation between drop height and maximum 725 
runout; φB: basal friction angle; φI: internal friction angle of the material; VI: initial velocity. 726 
 727 

Table 1 
Sample  Coordinate LAT WGS84 
Coordinate LON 
WGS84 Sample typology
37 N 37° 44' 32.9” E 15° 00' 25.5” Ash and lapilli 
38 N 37° 44' 33.9” E 15° 00' 24.4” Ash and lapilli 
40 N 37° 44' 31.4” E 15° 00' 21.7” Ash and lapilli 
41A Ash and lapilli 
41B N 37° 44' 32.1” E 15° 00' 21.4” Spatter 
45 A Ash and lapilli 
45B Spatter 
45C 
N 37° 44' 34.8” E 15° 00' 26.9” 
Scoria 
46 N 37° 44' 35.3” E 15° 00' 27.2” Ash and lapilli 
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Table 2 
 H/L φB (°) φI (°) VI (m/s) Volume (m3) 
Set 1 0.34 19 30 0 350,000 
Set 2 0.34 19 30 0 740,000 
Set 3 0.29 16 30 0 740,000 
 
 










